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ABSTRACT 41 
 We investigated transport mechanisms of trace organic contaminants (TrOCs) through 42 
aquaporin thin-film composite membrane in forward osmosis (FO), and membrane stability 43 
under extreme conditions with respect to TrOC rejections. Morphology and surface chemistry of 44 
the aquaporin membrane were characterised to identify the incorporation of aquaporin vesicles 45 
into membrane active layer. Pore hindrance model was used to estimate aquaporin membrane 46 
pore size as well as to describe TrOC transport. TrOC transport mechanisms were revealed by 47 
varying concentration and type of draw solutions. Experimental results showed that mechanism 48 
of TrOC transport through aquaporin-embedded FO membrane was dominated by solution-49 
diffusion mechanism. Non-ionic TrOC rejections were molecular-weight dependent, suggesting 50 
steric hindrance mechanisms. On the other hand, ionic TrOC removal was less sensitive to 51 
molecular size, indicating electrostatic interaction. TrOC transport through aquaporin membrane 52 
was also subjected to retarded forward diffusion where reverse draw solute flux could hinder the 53 
forward diffusion of feed TrOC solutes, reducing their permeation through the FO membrane. 54 
Aquaporin membrane stability was demonstrated by either heat treatment or ethanol solvent 55 
challenges. Thermal stability of the aquaporin membrane was manifested as a relatively 56 
unchanged TrOC rejection before and after the heat treatment challenge test. By contrast, ethanol 57 
solvent challenge resulted in a decrease in TrOC rejection, which was evident by the 58 
disappearance of the lipid tail of the aquaporin vesicles from infrared spectrum and a notable 59 
decrease in the membrane pore size. 60 
KEYWORDS 61 
Forward osmosis; Aquaporin membrane; Trace organic contaminant; Transport mechanism; 62 
Membrane stability.  63 
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1. INTRODUCTION 64 
 Aquaporins are ubiquitous biological membrane proteins whose identification provided a 65 
molecular basis for transmembrane water transport as a molecular water channel (Agre and 66 
Kozono 2003, Gomes et al. 2009). Molecular simulation together with experimental evidence 67 
revealed that water molecules formed a single file inside the constriction region of the aquaporin 68 
pores, and that water permeation happened as a result of correlated displacements of water 69 
molecules in this region (Agre 2006, Wang et al. 2005). One remarkable property of aquaporins 70 
is an effective water conductance at rates close to 109 molecules per second and an excellent 71 
exclusion of solutes (Tajkhorshid et al. 2002).  72 
 Aquaporin-based biomimetic membranes have been proposed for desalination and water 73 
filtration by leveraging the efficient and selective water permeation of aquaporin water channels 74 
(Tang et al. 2013). For instance, Zhao and co-workers reported a thin-film composite aquaporin-75 
embedded reverse osmosis (RO) membrane with NaCl rejection of 97% at 5 bar (Zhao et al. 76 
2012). Zhong et al. (2012) employed triblock copolymer vesicle rupture method for aquaporin 77 
nanofiltration (NF) membrane. Attributed to the embedded aquaporin vesicles, Li et al. reported 78 
high water flux of an aquaporin-based hollow fibre NF membrane (Li et al. 2015). Via layer-by-79 
layer approach, Wang et al. immobilized aquaporin-incorporated lipid bilayer on polyelectrolyte 80 
membrane to achieve excellent permeability and salt rejection with a high stability (Wang et al. 81 
2015).  82 
Prior aquaporin-based membrane investigations focused on achieving high water flux and 83 
solute rejection of a range of ions (e.g., NaCl, MgCl2 or Na2SO4) that are representative in 84 
seawater desalination or water filtration. One critical category of chemicals with emerging 85 
concerns is trace organic contaminants (TrOCs) that are ubiquitous in wastewater and sewage-86 
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impacted water bodies. Despite increasing efforts to understand aquaporin membrane, 87 
investigations to examine TrOC transport through the aquaporin membrane are still scarce. In a 88 
sole study, Madsen et al. reported more than 97% rejection of three neutral pesticides (atrazine, 89 
2,6-dichlorobenzamide and desethyl-desisopropyl-atrazine) by the aquaporin forward osmosis 90 
(FO) membrane (Madsen et al. 2015). Nevertheless, the potential of aquaporin membranes 91 
cannot be fully evaluated without a comprehensive examination of TrOCs with varying 92 
properties.  93 
Delicate aquaporin vesicles embedded in the membrane active layer may narrow the 94 
waste stream sources or require intense pre-treatment. Indeed, as a biological protein, aquaporin 95 
is vulnerable to harsh physical or chemical environments, such as, temperature, pH and oxidative 96 
compounds. However, the stability of these aquaporin vesicles remains unknown. Li and 97 
coauthors examined stability and performance of aquaporin membrane under harsh chemical 98 
cleaning using a wide range of chemicals (Li et al. 2017), such as HCl, NaOCl, Sodium dodecyl 99 
sulfate (SDS) and Alconox. Biological proteins are easily denatured under high temperature and 100 
organic solvent conditions, and thus these two extreme scenarios can be applied to inhibit 101 
aquaporin within membrane matrix, thereby gaining perspective into the role of aquaporin in 102 
membrane transport mechanisms.  103 
In this paper, we investigated the TrOC rejection mechanisms of thin-film composite 104 
aquaporin FO membranes and membrane stability under extreme conditions with respect to 105 
TrOC rejection. The aquaporin membrane was characterised to shed light on the TrOC transport 106 
mechanisms. We also studied the role of varying operating conditions on TrOC rejections by 107 
aquaporin membrane. Finally, the aquaporin membrane was challenged by both heat and ethanol 108 
exposure to examine the membrane thermal and solvent stability and response to TrOC rejection.  109 
5 
 
 110 
2. MATERIALS AND METHODS 111 
2.1 Aquaporin membrane and representative trace organic contaminants.  112 
A biomimetic, aquaporin membrane provided by Aquaporin A/S (Aquaporin A/S, 113 
Copenhagen, Denmark) was used. Briefly, the aquaporin membrane is made as a thin film 114 
composite membrane where vesicles with embedded aquaporin proteins are stabilized by a 115 
polyamide layer supported by a porous polysulfone support layer (Zhao et al. 2013). 116 
A total of 30 TrOCs were selected to represent four major groups of emerging 117 
contaminants of significant concern — endocrine disrupting compounds, pharmaceuticals and 118 
personal care products, industrial chemicals, and pesticides — that occur ubiquitously in 119 
municipal wastewater. Key physicochemical properties of these TrOCs are summarised in Table 120 
S1 of the Supplementary Data. A stock solution containing 25 µg/mL of each of the TrOCs was 121 
prepared in pure methanol and stored at -18 °C in the dark. The stock solution was introduced 122 
into the synthetic wastewater to obtain a concentration of 2 µg/L of each compound. The TrOC 123 
stock solution was used within a month. 124 
2.2 Aquaporin membrane characterisation  125 
A detailed aquaporin membrane characterisation – key membrane transport parameters, 126 
effective average pore size, and membrane surface properties – shed light on membrane 127 
structure-performance relationship as well as the TrOC rejection mechanisms.  128 
2.2.1 Key membrane transport parameters 129 
Key membrane transport parameters were characterised following the protocol previously 130 
described by Cath et al. (2013), including pure water permeability coefficient of the active layer, 131 
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A, the salt (NaCl) permeability coefficient of the active layer, B, and the structural parameter of 132 
the support layer, S. The detailed procedure to determine membrane transport parameters were 133 
described in the Supplementary Data.  134 
 2.2.2 Membrane surface properties 135 
Aquaporin membrane surface properties – surface charge, surface morphology, surface 136 
chemistry and surface hydrophilicity – were investigated to shed light on the TrOC rejection 137 
mechanisms.  138 
 Membrane surface charge was indicated by the zeta potential measurement using a 139 
SurPASS electrokinetic analyser (Anton Paar GmbH, Graz, Austria). Zeta potential was 140 
calculated from the measured streaming potential using the Fairbrother-Mastin approach that is 141 
more accurate for non-conductive samples with irregular shape (Elimelech et al. 1994). All 142 
streaming potential measurements were conducted in a background electrolyte solution 143 
containing 10 mM KCl. The same electrolyte solution was used to flush the cell thoroughly prior 144 
to pH titration using either hydrochloric acid (1 M) or potassium hydroxide (1 M). All 145 
measurements were performed at room temperature (approximately 22 ºC). 146 
Membrane surface morphology was characterised using a scanning electron microscopy 147 
(SEM) (JEOL JCM-6000, Tokyo, Japan). Prior to the SEM measurement, air-dried membrane 148 
samples were coated with an ultra-thin layer of gold using a sputter coater. The membrane cross-149 
section morphology was also visualised by transmission electron microscopy (TEM) (JEOL 150 
JEM-1230, Tokyo, Japan) at the accelerating voltage of 80 keV. Aromatic acrylic LR white resin 151 
was used to embed dehydrated samples in capsules which was described in previous publication 152 
(Wang et al. 2012). Briefly, membrane samples were dehydrated by several changes of ethanol 153 
(3 times 100% ethanol, 15 min for each step). Samples were then infiltrated in 50, 67, and 100% 154 
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LR White resin (volumetric %, prepared in ethanol) sequentially, followed by embedding them 155 
in fresh LR White resin that was subsequently polymerized at 48 °C for 3 days. After complete 156 
polymerization of the resin, thin TEM sections (<100 nm thickness) were cut with a diamond 157 
knife using Leica Ultracut S ultramircotome (Leica, Wetzlar, Germany) and transferred onto 158 
copper TEM grids for imaging.  159 
The membrane surface morphology was also resolved by atomic force microscopy (AFM) 160 
(Asylum MFP-3D, Asylum Research, Santa Barbara, CA). The AFM imaging was performed 161 
with the tapping mode under ambient conditions using silicon cantilever probe tips. 162 
Membrane surface functional groups were identified using a Fourier Transform Infrared 163 
(FTIR) spectrometer (Thermo Scientific Nicolet 6700) equipped with an ATR accessory 164 
consisting of a ZnSe plate (45° angle of incidence). Absorbance spectra were measured with 64 165 
scans of each sample at a spectral resolution of 2 cm−1. Background measurements in air were 166 
collected before each membrane sample measurement. ATR-FTIR spectra were collected for two 167 
different spots in each membrane sample. 168 
 To obtain information about composition and bonding chemistry of the aquaporin 169 
membrane surface layer (with penetration depth from 1 to 5 nm thickness), X-ray photoelectron 170 
spectroscopy (XPS) analysis was carried out on monochromatic aluminium Kα X-ray 171 
photoelectron spectrometer (Thermo Scientific, MA). Survey spectra were recorded 3 times per 172 
sample, over the range of 0-1000 at 1 eV resolution to analyse the elementary composition. 173 
Bonding chemistry of membrane surface layer was analysed by high resolution C1s scan with 174 
XPS. A spot size of 400 µm was used to scan in the region of the C1s binding energy at 20 eV 175 
pass energy. Two random spots on duplicate membrane samples were selected. Excessive 176 
charging of samples was minimized using an electron flood gun. High-resolution scans had a 177 
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resolution of 0.1 eV. Calibration for the elemental binding energy was done based on the 178 
reference for carbon 1s at 284.6 eV. Data were processed by standard software with Shirley 179 
background and relative sensitivity factor of 0.278 for C1s peaks.  180 
Membrane hydrophobicity was evaluated by contact angle measurements using a Rame-181 
Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ) based on the standard sessile drop 182 
method. Prior to the measurement, membrane samples were air-dried in a desiccator. Ten water 183 
droplets were applied to each membrane sample and contact angles on both sides of the droplet 184 
were recorded. 185 
2.2.3 Membrane pore radius 186 
 Dioxan, erythritol, and xylose (Sigma-Aldrich, Saint Louis, MO) were used as the 187 
reference organic solutes to estimate the effective, average pore size of aquaporin membrane 188 
active layer. The solutes were individually dissolved in Milli-Q water to obtain a concentration 189 
of 40 mg/L (as total organic carbon (TOC)). Prior to the RO filtration experiments with these 190 
reference organic solutes, the membrane was pre-compacted at 18 bar for one hour and 191 
subsequent experiments were conducted at 8, 10, 12, 14, and 16 bar with a cross-flow velocity of 192 
15 cm/s. At each pressure value, the RO filtration system was operated for one hour before 193 
taking permeate and feed samples for analysis.  194 
The membrane average pore radius was determined based on the pore hindrance transport 195 
model previously described for thin-film composite NF and FO membranes by Nghiem et al 196 
(2004) and Xie et al (2012b, 2014), respectively. In this model, the membrane was considered as 197 
a bundle of cylindrical capillary tubes with the same radius, and the spherical solute particles 198 
enter the membrane pores in random fashion. In this model, the ratio of solute radius (rs) to the 199 
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membrane pore radius (rp), λ = rs/rp, is related by the distribution coefficient φ when only steric 200 
interactions are considered: 201 
                                            ( )21 λϕ −=                                               (1) 202 
Real rejection of the reference organic solutes (Rr) was determined from:  203 
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where co and cL are the solute concentration just outside the pore entrance and pore exit, 205 
respectively; φ is the distribution coefficient for hard-sphere particles when only steric 206 
interactions are considered; Kc is the hydrodynamic hindrance coefficient for convection; and Pe 207 
is the membrane Peclet number defined as: 208 
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Here, Kd is the hydrodynamic hindrance coefficient for diffusion, Jv is the membrane volumetric 210 
permeate flux, D is the Stokes-Einstein diffusion coefficient, l is the theoretical pore length (i.e., 211 
active layer thickness), and ε is the effective porosity of the membrane active later. Details on the 212 
calculations of Pe, Kc and Kd are given elsewhere (Bungay and Brenner 1973, Nghiem et al. 213 
2004).  214 
 The real rejection in Eq. 2 is linked to the observed rejection Ro using the film theory 215 
which accounts for concentration polarization: 216 
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where kf is the mass transfer coefficient and Jv is the water permeate flux. 218 
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The real rejections obtained at different permeate fluxes were used to calculate the 219 
membrane average pore size based on the membrane pore hindrance transport model presented 220 
earlier (Eq. 2). The parameters φKc and Pe/Jv are uniquely related to Rr. Thus, they could be 221 
determined by fitting the reference organic solute rejection data to the model (Eq. 2) using an 222 
optimization procedure (Solver, Microsoft Excel). The membrane average pore radius was then 223 
calculated from each organic tracer rejection data. 224 
2.3 Forward osmosis system and experimental protocol 225 
A bench-scale FO system consisting of a cross-flow membrane cell with a total effective 226 
membrane area of 120 cm2 was employed. Details of this filtration system are available in our 227 
previous publication (Xie et al. 2012a). In FO experiments, a synthetic wastewater (20 mM NaCl 228 
and 1 mM NaHCO3, adjusted to pH 6.5) with TrOC concentration of 2 µg/L was prepared. Initial 229 
volumes of the feed and draw solutions were 2 and 1 L, respectively. The feed and draw 230 
solutions were kept at 25.0 ± 0.1 °C using a temperature controller (Neslab RTE 7). A new 231 
aquaporin FO membrane coupon was used for each experiment, which was concluded when 800 232 
mL water had permeated through the aquaporin FO membrane (i.e., 40% water recovery). A 500 233 
mL aliquot of sample from the feed and draw solutions were taken at the beginning and after 800 234 
mL water had permeated through the aquaporin FO membrane for solid phase extraction (SPE) 235 
using Oasis HBL SPE cartridge and subsequent gas chromatography-mass spectrometry (GC-MS) 236 
analysis. 237 
To examine the TrOC transport mechanisms through aquaporin FO membrane, a series of 238 
NaCl draw solutions (i.e., 0.5 M, 1 M and 2 M) were used to quantify TrOC rejection under 239 
different permeate flux and compared with the predicted rejection based on pore hindrance 240 
model (equation 2). In addition, draw solutions that can induce different reverse salt flux at the 241 
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same permeate flux (i.e., NaCl, MgSO4 and glucose) were also employed in the TrOC rejection 242 
tests.  243 
Aquaporin membrane stability was demonstrated by heat treatment at 80°C for 30 minutes. 244 
Additional challenge was also carried out by immersing the aquaporin membrane in ethanol for 245 
15 minute. Key transport parameters as well as the TrOC rejections were compared between 246 
pristine and treated aquaporin membranes. 247 
2.4 TrOC analysis 248 
TrOC Concentrations in the feed and draw solutions were determined based on an 249 
analytical method described by our previous publications (Luo et al. 2015). Briefly, this method 250 
involved solid phase extraction, derivatisation, and quantification by a gas chromatography-mass 251 
spectrometry (GC-MS) system (QP5000, Shimadzu, Kyoto, Japan). Since the product water was 252 
diluted by the draw solution in the FO process, a dilution factor (DF) was introduced to 253 
determine the actual permeate TrOC concentrations: 254 
                                             FO
DS
V
V
DF =
                        (5)          255 
where VDS  was the total volume of the draw solution at the conclusion of each experiment; 256 
and VFO was the volume of water permeated through the FO membrane. Therefore, TrOC 257 
rejection by the FO membrane was defined as: 258 
                                         
100DF)
C
C
(1R
FS
DS ×−=
       (6)          259 
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where CDS was the measured TrOC concentrations in the draw solution at the conclusion 260 
of each experiment; and CFS was the measured TrOC concentrations in the feed solution at the 261 
beginning of each experiment.  262 
 263 
3. RESULTS AND DISCUSSION 264 
3.1 Characteristics of aquaporin FO membrane  265 
3.1.1 Key membrane transport parameters 266 
 Aquaporin membrane transport parameters were summarised in Table 1, exhibiting high 267 
water permeability coefficient together with a low salt (NaCl) permeability coefficient. The 268 
combination of these transport parameters resulted in an average FO water flux of approximately 269 
15 Lm-2h-1 for 0.5 M NaCl draw solution and DI water feed.  270 
[Table 1] 271 
3.1.2 Membrane pore size  272 
  273 
 The estimated pore radius of aquaporin membrane was 0.30 nm (Table 2), with slight 274 
deviation from three organic tracer experiments. In good agreement with the significantly low 275 
NaCl permeability coefficient (Table 1), the estimated pore size (0.6 nm) was smaller than that 276 
of  the hydrated Na+ (0.71 nm) and Cl- (0.66 nm) ions (Zhu et al. 2013). 277 
[Table 2] 278 
3.1.3 Membrane surface properties 279 
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 Surface morphology of the aquaporin membrane demonstrated larger leaf-like structure 280 
on the membrane surface (Figure 1A), which was typical to the thin-film composite polyamide 281 
membrane. Membrane cross-section morphology showed the presence of round-shape aquaporin 282 
vesicle within the membrane active layer (Figure 1B). Indeed, the TEM imaging of the 283 
membrane cross-section (Figure 1C) also demonstrated the presence of round-shape nodules at 284 
the membrane interface with the estimated size of 100 nm, which was similar to the size of 285 
proteoliposome with aquaporin protein (Li et al. 2014). High-resolution atomic force microscopy 286 
(AFM) imaging demonstrated globular sphere on the membrane surface (Figure 1 D), suggesting 287 
the incorporation of aquaporin protein into the membrane selective layer. All images strongly 288 
suggested the incorporation of aquaporin vesicles into the membrane active layer. 289 
 The aquaporin membrane possessed negative surface charge (-17 mV) at experimental 290 
pH of 6.5 (Figure S1A, Supplementary Data). The aquaporin membrane surface was relatively 291 
hydrophilic with contact angle of 68.2° (Figure S1B, Supplementary Data).  292 
 We examined the surface chemistry of the aquaporin membrane by Fourier transform 293 
infrared spectroscopy (FTIR) (Figure 1 E) and X-ray photoelectron spectroscopy (XPS) (Figure 294 
1F) to facilitate the understanding of TrOC transport mechanisms. FTIR spectrum showed 295 
characteristic amide I, aromatic amide and amide II bands at 1663 cm-1, 1609 cm-1, 1541 cm-1, 296 
respectively, which suggested the selective layer of aquaporin membrane was fully aromatic 297 
polyamide. The strong peak at wave number of 1701 cm-1 suggested the occurrence of phosphate 298 
I band from the lipid bilayer of the aquaporin vesicles (Movasaghi et al. 2008); in addition, close 299 
examination of the high wave number (2700-3300 cm-1) region of the FTIR (Figure 1E) 300 
demonstrated the presence of the lipid tails of aquaporin protein at wave numbers of 2959 and 301 
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2970 cm-1, respectively (Movasaghi et al. 2008). These peaks confirmed the incorporation of 302 
aquaporin proteins into the membrane selective layer. 303 
XPS survey showed the ratio of atomic percentage of C, N and O (Figure S2, 304 
Supplementary Data) fitted to linear structure with a pendant carboxylic functional group 305 
(Misdan et al. 2014). A more detailed C1s scan (Figure 1F) exhibited the presence of carbonyl 306 
and carboxylic functional groups on the membrane surface.  307 
[Figure 1] 308 
3.2 Trace organic contaminant rejection by aquaporin membrane 309 
With the estimated aquaporin membrane pore size (0.30 nm) and governing equation (Eq. 310 
2), we plotted the rejection curve of aquaporin membrane as a function of molecular weight and 311 
compared with experimentally determined TrOC rejections (Figure S3, Supplementary Data). 312 
Generally, the pore hindrance model can describe the TrOC rejection, except for neutral TrOCs 313 
with low molecular weight ranging from 150 to 180 g/mol, such as, 4-tert-butylphenol, 314 
benzophenone, 4-tert-octyphenol and DEET. The aquaporin FO membrane also exhibited better 315 
rejection of charged and non-ionic hydrophibic TrOCs in comparison with the conventional TFC 316 
FO membrane (Figure S4, Supplementary Data). 317 
To further investigate filtration mechanisms of aquaporin membrane for TrOCs, we 318 
examined the TrOC rejections as a function of draw solution concentrations and types. 319 
Furthermore, stability of the aquaporin membrane was also demonstrated by measuring TrOC 320 
rejections before and after exposing aquaporin membrane to heat or ethanol challenge tests. 321 
3.2.1 Varying draw solution concentrations  322 
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TrOC rejections increased as a function of elevated NaCl draw solution concentrations 323 
(i.e., increased water flux) (Figure 2). Despite incorporating highly selective aquaporin vesicles 324 
into the membrane selective layer, the dominant mass transport behaviour was still the solution-325 
diffusion mechanism (Paul 2004, Wijmans and Baker 1995) in which the transport of TrOC 326 
solutes occurs by both diffusion and convection, but only diffusion controls TrOC transport 327 
through the active layer. Indeed, the increment in TrOC rejection became less pronounced with 328 
the increase of draw solution concentration (from 0.5 to 2 M NaCl), which was also consistent 329 
with the solution-diffusion mechanism. 330 
TrOC compounds with low molecular weight were more sensitive to the increase of 331 
driving force. As the molecular weight increased, there was less significant increment in the 332 
TrOC rejection. This molecular-weight dependent rejection behaviour suggested that steric 333 
hindrance played an important role in TrOC rejection by aquaporin FO membrane. On the other 334 
hand, increment of ionic TrOC compounds were less significant than that of hydrophilic or 335 
hydrophobic neutral compounds, suggesting that electrostatic interaction also governs the 336 
diffusion through the aquaporin FO membrane.  337 
[Figure 2] 338 
3.2.2 Varying draw solution types  339 
 Reverse draw solute flux could hinder the forward diffusion of feed solutes, through a 340 
phenomenon known as ‘retarded forward diffusion’ (Xie et al. 2012a), thereby reducing their 341 
permeation through the FO membrane. In order to examine the role of reverse draw solute 342 
diffusion on the TrOC rejection by aquaporin FO membrane, three types of draw solutions (NaCl, 343 
MgSO4 and glucose) were employed to contribute a comparable water flux but induce varying 344 
reverse draw solute flux.  345 
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 Results demonstrated that TrOC transport through aquaporin membrane was subjected to 346 
retarded forward diffusion (Figure 3). For instance, non-ionic hydrophobic compounds 347 
experienced significant increase in permeation through the aquaporin membrane when using 348 
MgSO4 draw with a low reverse salt flux in comparison with NaCl draw. This phenomenon also 349 
held true for the non-ionic hydrophilic TrOC compounds whose rejection by the aquaporin 350 
membrane decreased substantially when using MgSO4 draw with a low reverse salt flux in 351 
comparison with NaCl draw. Interestingly, transport of both non-ionic hydrophobic and 352 
hydrophilic TrOCs were similar when using the MgSO4 or glucose draw with similar reverse 353 
draw solute flux. Such retarded forward diffusion effect reported here was consistent with 354 
previous studies using hydrophobic compounds (Xie et al. 2012a) (e.g., bisphenol A, triclosan) 355 
or neutral chemical (Kim et al. 2012) (e.g., boron). On the other hand, positively and negatively 356 
charged TrOCs were less sensitive to the “retarded forward diffusion” effect, suggesting that the 357 
electrostatic interaction dominated the transport of ionic TrOCs through the aquaporin membrane. 358 
 Such experimental results shed light on the aquaporin composite membrane structure. In 359 
this membrane design, aquaporin vesicles in the polyamide matrix are expected to function as 360 
permeability enhancers. Indeed, based on microscopic examination, the aquaporin vesicles were 361 
present in the membrane active layer (Figure 1). The permeability enhancement of aquaporin 362 
vesicles resulted in increased water permeability and decreased salt transport (Table 1). However, 363 
the overall rejection behaviour is still largely governed by the polyamide matrix, which followed 364 
the “solution-diffusion” mechanism. As a result, enhancement from aquaporin vesicle for solute 365 
rejection was insignificant (Figure S4, Supplementary Data). The insignificant improvement in 366 
rejection observed could be attributed to the low loading density of aquaporin vesicles into 367 
membrane matrix. This finding is insightful in further development of aquaporin membrane. It is 368 
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expected that a defect-free polymeric matric with higher achievable packing density of aquaporin 369 
can further unleash the potential and capacity for aquaporin-based membrane (Kumar et al. 370 
2007). 371 
 [Figure 3] 372 
 373 
3.3 Stability of aquaporin membrane under extreme conditions 374 
 We challenged the aquaporin membrane by heat treatment and evaluated TrOC rejections. 375 
The stability of the aquaporin membrane was manifested as a relatively unchanged TrOC 376 
rejection (Figure 4) as well as key membrane transport parameters (Table S2, Supplementary 377 
Data) before and after heat treatment. Previous study also showed that the aquaporin membrane 378 
was thermally reversible up to 65 °C treatment (Qi et al. 2016). SEM image of the membrane 379 
cross-section (Figure 6B) revealed that morphology and structure of the aquaporin membrane 380 
active layer remained intact and no significant physical structural changes of the embedded 381 
aquaporin vesicles (i.e., proteoliposomes), which suggested membrane separation performance 382 
may not be compromised. Indeed, the aquaporin molecules themselves showed a relatively high 383 
activity under thermal treatment of 70 °C based on stopped flow measurements (Li et al. 2014). 384 
As a result, the aquaporin membrane was thermally stable with a largely unchanged TrOC 385 
rejection performance. 386 
[Figure 4] 387 
 388 
 Aquaporin membrane was also subjected to ethanol treatment to examine membrane 389 
integrity by comparing TrOC rejections. Noticeable decrease in rejections of non-ionic 390 
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hydrophobic TrOC molecules was observed (Figure 5). Such compromised TrOC rejection was 391 
evident by the collapse of membrane pore structure and deformation of membrane active layer 392 
possibly due to aquaporin vesicle denaturing (Figure 6C). This observation was consistent with 393 
the composite structure of aquaporin membrane where aquaporin vesicles were embedded into 394 
membrane polymeric matrix and were subjected to denaturation from ethanol organic solvent. 395 
Previous studies suggested that ethanol was benign and has negligible effect on the cross-linked 396 
aromatic polyamide active layer (Agrawal and Singh 2012, Heffernan et al. 2013, Van der 397 
Bruggen et al. 2002). However, unlike the stability of aquaporin membrane in chemical cleaning 398 
(e.g., citric acid or NaOH solution) (Qi et al. 2016), solvent stress from ethanol can be 399 
detrimental to the functionality of aquaporin protein. Indeed, disappearance of peaks at 2959 and 400 
2970 cm-1 in ethanol-treated aquaporin membrane (Figure 6F), indicating the lipid tails of 401 
aquaporin vesicles being compromised. This FTIR spectrum was consistent with the reduction in 402 
TrOC rejections by the ethanol-treated aquaporin FO membrane. 403 
 [Figure 5] 404 
[Figure 6] 405 
4. CONCLUSION 406 
 Results reported here demonstrated that the aquaporin FO membrane possessed excellent 407 
contaminant rejections, achieving more than 90% rejection of all TrOCs investigated in this 408 
study when 2M NaCl was used as the draw solution. TrOC transport was governed by the 409 
solution-diffusion mechanism. The dominant transport resistance was from polyamide matrix, 410 
rather than the embedded aquaporin vesicles. The retarded forward diffusion phenomenon of 411 
TrOCs was also observed with different draw solutes. Thermal stability of aquaporin membrane 412 
was evident by largely unchanged TrOC rejection before and after heat treatment; by contrast, 413 
19 
 
solvent (i.e., ethanol) exposure compromised aquaporin membrane in terms of pore structure and 414 
TrOC rejection. The comprehensive examination of TrOC rejection provides new insights for 415 
further improvement in membrane design and for exploring innovative applications by aquaporin 416 
membranes. 417 
 418 
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Table 1: Key membrane transport parameters (average ± standard deviation of triplicate 535 
measurements) 536 
Parameters Value 
Water permeability coefficient, A (L m-2h-1bar-1) 2.09 ± 0.02 
Salt (NaCl) permeability coefficient, B (L m-2h-1) 0.07 ± 0.01 
Observed NaCl rejection (%) 99.9 ± 0.1 
Membrane structural parameter, S (µm) 301 ± 36 
 537 
  538 
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Table 2: Estimated membrane pore radius 539 
Organic tracer  
Solute radius 
rs (nm) 
λ=rs/rp 
Pore radius 
rp (nm) 
Dioxan 0.23 0.78 0.29 
Erythitol 0.26 0.82 0.31 
Xylose 0.29 0.90 0.31 
             Average 0.30 
 540 
 541 
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 542 
 543 
Figure 1: Characterization of aquaporin membrane. Representative SEM micrographs of the (A) 544 
surface (B) cross-section of the aquaporin membrane and (C) TEM micrograph of cross-section 545 
of the aquaporin membrane. (D) Representative AFM image of the aquaporin membrane surface. 546 
(E) FTIR spectrum of the aquaporin membrane. (F) C1s XPS spectrum of aquaporin membrane 547 
surface, identifying the major functional groups. 548 
 549 
 550 
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Figure 2: TrOC rejection as a function of NaCl draw solution concentrations from 0.5, 1 to 2 M. 552 
Molecular weight (g/mol) of each compound is shown in the parenthesis. Based on their Log D 553 
values (effective octanol-water partition coefficient) at solution pH 6.5, non-ionic compounds 554 
were categorized as hydrophilic (Log D < 3.2) and hydrophobic (Log D > 3.2). Error bars 555 
represent standard deviation from two replicate measurements of two repeated experiments. 556 
 557 
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Figure 3: TrOC rejection as a function of  varying draw solutions (NaCl, MgSO4 and glucose). 559 
Molecular weight (g/mol) of each compound is shown in the parenthesis. Based on their Log D 560 
values (effective octanol-water partition coefficient) at solution pH 6.5, non-ionic compounds 561 
were categorized as hydrophilic (Log D < 3.2) and hydrophobic (Log D > 3.2). Error bars 562 
represent standard deviation from two replicate measurements of two repeated experiments.563 
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 565 
Figure 4: Comparison of TrOC rejection before and after  heat treatment. Heat treatment was 566 
performed by immersing aquaporin membrane in water at 80°C for 30 minutes. Molecular 567 
weight (g/mol) of each compound is shown in the parenthesis. Based on their Log D values 568 
(effective octanol-water partition coefficient) at solution pH 6.5, non-ionic compounds were 569 
categorized as hydrophilic (Log D < 3.2) and hydrophobic (Log D > 3.2). Error bars represent 570 
standard deviation from two replicate measurements of two repeated experiments 571 
 572 
 573 
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 574 
 575 
Figure 5: Comparison of TrOC rejection before and after solvent treatment challenge test. 576 
Solvent treatment was performed by immersing aquaporin membrane in ethanol for 15 minutes. 577 
Molecular weight (g/mol) of each compound is shown in the parenthesis. Based on their Log D 578 
values (effective octanol-water partition coefficient) at solution pH 6.5, non-ionic compounds 579 
were categorized as hydrophilic (Log D < 3.2) and hydrophobic (Log D > 3.2). Error bars 580 
represent standard deviation from two replicate measurements of two repeated experiments581 
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 582 
 583 
Figure 6: Aquaporin membrane stability after either heat or solvent (ethanol) challenge tests in 584 
terms of (A-C) membrane cross-section morphology and (D-F) membrane surface chemistry 585 
from FTIR spectra at high wavenumbers. 586 
